Critical to the success of history matching a 3D geoscience model is a link between coreplug scale permeability and megascopic scale reservoir permeability. This paper demonstrates how permeabilities derived from production data, complement core data and relatively short duration pressure transient analysis.
Heterogeneities related to the fluvial deltaic geology typically result in spatially heterogeneous permeability patterns that degrade or enhance the average permeability within the area of influence. In addition, the area of influence may not be radial (or elliptical) but rather a network of connected channels. The analysis presented for a tight multilayered gas reservoir in the South Australian Cooper Basin shows aspects that reflect all these issues, hence contributing to further understanding of the dynamic behaviour of the 3D geo model.
Modelling the productivity and recovery in such heterogeneous reservoirs requires a good understanding and representation of the permeability distribution. Analytical work done prior to simulation of a multi-layered tight gas field in the South Australia Cooper Basin shows that the permeability is a function of the scale of measurement. Advanced decline methods such as the Inverted Decline Curve 1 (IDC) and the Reciprocal Productivity Index 2 (RPI), which use production data, have been used to estimate the megascopic reservoir permeability. This is particularly useful when little pressure transient analysis is available.
Introduction
The performance and ultimate recovery from a single phase, tight gas well in a tight heterogeneous fluvial sand is determined by reservoir quality, i.e kh or more specifically k(permeability), and sand body connectivity. An estimation of the permeability, which can vary by orders of magnitude, is necessary for assessing reservoir quality.
In addition, adequate knowledge of the spatial distribution of permeability is critical in predicting reservoir depletion performance by any recovery process. This paper will show how a comparison of effective / average permeability values at various scales reveals information about reservoir quality and connectivity.
Achieving the above objectives of correctly measuring the magnitude and distribution of permeability in the reservoir is virtually impossible given that the core plug (or logs) samples perhaps a billionth of the reservoir, which may or may not be representative of the lateral heterogeneity away from the core/wellbore.
Furthermore, corrections to account for Klinkenberg effects, overburden and saturations are usually needed to correct core plug permeability values from ambient to insitu conditions. Clearly the measurement of permeability is a highly scale and technique dependent problem. micro/macro-scopic measurements, whereas interwell scale measurements are referred to as megascopic scale, and finally, the reservoir on a gigascopic scale.
These concepts were applied to characterizing a multilayered tight gas field in the Cooper Basin prior to conducting simulation with the objective of optimizing gas recovery.
Analysis of Production Data to Infer Megascopic Insitu Reservoir Permeability
Production from a well provides a dynamic description of reservoir quality and complements the static description obtained from core plugs and logs. Furthermore, production data is more readily available than other sources of dynamic data (ie. pressure data). In reservoirs with significant production, integration of such data to better characterize the reservoir can lead to faster history matching 5 in simulation models.
In contrast to conventional decline analysis, which is used primarily for reserves estimation and forecasting, advanced decline methods are used to infer reservoir properties. A number of methods have been developed which can aid in the analysis of tight gas reservoirs. Typically, plots of production versus log(t) or t are used to identify radial and linear flow within the reservoir. Our analysis relies on two methods, the 'Inverted Decline Curve' (IDC) and the 'Reciprocal Productivity Index' (RPI), which are discussed in more detail in the following sections. The methods are applicable to single layer systems, but also have some use in multi-layered systems as discussed herein.
As a followup to Neal's 6 work, Reitman proposed the use of the inverted decline curve. By modifying the boundary conditions, Crafton's work (RPI) provided a convenient means of analyzing fluctuating production data. Both techniques can be used to calculate the following: The key plot in each method is the modified Miller Dyes Hutchinson (MDH) plot which is used for quantitative analysis. The modified MDH plot compares the inverse of a well's producing rate (1/q) with the log of its producing time, instead of its equivalent pressure versus log (t) in pressure transient analysis. The well's entire production history essentially becomes the equivalent of a very long drawdown test.
Three flow periods -pre-radial, radial and pseudo-steady state -are analyzable as shown in Figure 2 . Our work focuses on the pre-radial and radial periods. The first linear trend on the IDC profile, following fracture transient performance, is used to determine reservoir kh and skin. During this radial flow period, with constant pressure assumed at the wellbore, the following relationship applies:
Pseudo-steady state is represented by the upward curving portion of the IDC/RPI curve. This portion has not been analysed to date in our work on multi-stacked, complex fluvial reservoirs since it could represent boundaries which may imply a lack of continuity/connectivity, well interference (especially in the connected, layer cake portion of the reservoir), poorer connectivity between channels or include the flow contribution of significantly lower permeability in splays.
In a separate 'single layer' tight gas simulation, it was found that the permeability extracted from IDC analyses matched well with the final permeabilities based on history matching of long term well performance. However, the IDC permeabilities differed significantly from core and well test permeabilities. The difference in permeabilities can be rationalized if the scale that each permeability measurement represents is considered.
Note that the IDC/RPI permeability, determined from the first linear portion of the MDH plot and reported in the preceding tables is typically that of a megascopic scale, not gigascopic scale (except in extremely high permeability, sparsely populated reservoirs with the right geological architecture).
It incorporates the lateral permeability heterogeneity within the drained or connected area of the well. As shown briefly in the discussion on upscaling, the lower kh relative to wellbore measurements through core or well test, reflects the random distribution of the permeability which ultimately results in a degradation of permeability as a larger drainage radius is encompassed. A high permeability area ("sweet spot") away from the wellbore that is not connected directly to the wellbore may be masked by the intervening, near wellbore, low permeability, which acts as a choke.
The Link Between Micro/Macro-scopic and Megascopic Permeability
The smallest scale permeability measurements available are the core data. Figure 3 shows a histogram of 152 permeability values measured for core plugs of 5 wells in the study area. These measurements typically represent a cubic inch of rockvolume. Based on these core plug measurements a very robust relationship was developed to calculate permeability from a combination of sonic, resistivity, and gamma log-values. By the nature of the logging measurements these log-derived permeability values typically represent a cubic foot of rock volume. The histogram of these log-derived permeability Figure 3 . The histogram of log-derived permeability values is fairly similar to the histogram of core-plug measured permeability values. This indicates that the variability coreplug values, sampled at a 1-ft interval, is properly represented by the log-derived permeability data. The third histogram in Figure 3 represents the in-situ relative permeability of the gas phase given the in-situ water saturation. Obviously the relative permeability is a major shift downward from the ambient permeability. Higher water saturation values for lower permeable rock create a distribution very much skewed to the low end. To obtain a real comparison with the IDC derived permeability and kh values, the gas relative permeability k rg was used for calculations of average permeability and kh values. Figure 4 shows the general concept behind permeability averaging. For a layered medium where the flow direction is perpendicular to the layering (barrier scenario) the harmonic average applies, biasing the average permeability to the extreme low end of the distribution. For a layered medium where the flow direction is parallel to the layering (layer cake scenario) the arithmetic average applies. For a twodimensional medium consisting of random permeability values, with a relatively small spatial correlation, the geometric average applies, which is biased towards the medium and lower end of the permeability distribution. The upper line of Figure 4 gives the formulas for these three types of averaging. A generalized formula for averaging is the power exponent formula 8 .
As indicated in the second line of Figure 4 , the power exponents -1, 0, and 1, respectively, represent the harmonic, geometric and arithmetic average. Power exponents within this range allow calculation of average permeability values that represent intermediate scenarios or variations of the three scenarios shown in Figure 4 . For example, it can be shown 9 that for certain flow patterns the permeability average of a three dimensional medium of random permeability values is best represented by averaging with power exponent 0.3. Alternatively, a power exponent of 0.6 would indicate a scenario between that of a "random" and "layer cake" permeability distribution. Figure 5 shows, for an example well in the study area, the average permeability (on the right axis) and kh (on left axis) for all power exponents between -1 and 1. The lower horizontal dashed line is the IDC derived permeability value which coincides with the power average for power exponent 0.2-0.3. This indicates that the within its radius of investigation associated with the IDC analysis a "random" medium exists, which is typical. The permeability value from pressure transient analysis (PTA) is represented by a very high power exponent (0.8). This indicates that within the pressure transient radius of investigation a layer cake medium exists. In the area studied this is consistent with the small radius of investigation of relatively short pressure transients in low permeable material. Figure 6 shows for another example well in the study area the average permeability (on the right axis) and kh (on left axis) for all power exponents between -1 and 1. For this well the IDC permeability value coincides with a power exponent of 0.55, indicating that the IDC sees a more continuous medium between that of the random and layer cake case. Figure 7 shows the reverse case where the IDC permeability value is represented by a power average of -0.25, indicating a case between random distribution of permeability and a medium that is interspersed with permeability barriers.
For all wells in the study area the geometric, power exponent 0.3, and arithmetically averaged permeability values were calculated using the relative gas in-situ permeability values (k rg ). Figure 8 shows a comparison between these average permeability values and the IDC permeability values. Obviously there is significant scatter for all three averaging cases. However, the power exponent 0.3 represents, as expected, the IDC values best. Given the fact that there is a little low bias on the power exponent 0.3 average, one can argue that a power exponent of 0.4-0.5 would be more appropriate. This indicates that the log-derived small-scale permeability values are not purely random but have some lateral continuity. Figure 9 shows on a per well basis how the power exponent 0.3 average permeability compares to the IDC permeability. If the IDC value is lower than the average (left hand side of chart) it implies that permeability at the well is optimistic ("better") than the area of influence of the IDC or that there are lower permeability values with some lateral continuity acting as "barriers" (see Figure 4) . Conversely the right hand side of the chart shows wells for which the IDC permeability value is greater than the average, indicating that the surrounding area has "better" permeability than the near wellbore area, or is more layer cake structured. Although Figure 9 has been useful to classify wells and groups of wells, it should be noted that the accuracy of the methods is stretched when making direct comparisons.
Implications for up-scaling of permeability values for 3D geological model
A three dimensional geoscience model was built for the study area. This model includes detailed facies objects, net-to-gross sand trends derived from 3D seismic, and geostatistically modeled values for porosity and permeability. The basic cells of this 3D model are sized 100 m by 100 m lateral by 1ft vertical. Based on the observation from Figure 8 that the logderived permeability values represent some lateral continuity, it was felt appropriate to populate the geo-model cells directly with log-derived permeability values (realizing they are representative of the logging scale -1 ft 3 ).
The model was upscaled to a simulation grid of 69 layers (each 3-4 ft thick) and cells of 200 m by 200 m areally for simulation. Subsequently the model, including some relatively small modifications to obtain a history match, was upscaled to 11 layers (representing the main flow units -sand layers sandwiched between coal barriers) and cells of 1000 m by 1000 m laterally. These 1000 m cells approximately represent the area of influence of the IDC. Figure 10 shows a comparison for the kh value of the 1000 m by 1000 m cells in which a given wells is located and the IDC value for these wells. The IDC kh values compare well to the model values. This confirms that the upscaling process employed was valid.
Comparison of Well Test and IDC Permeabilities in a Tight Gas, Heterogeneous Environment
Although both IDC and well test analysis can yield estimates of megascopic permeability in high permeability reservoirs, the usefulness of the IDC permeability is more pronounced in low permeability heterogeneous reservoirs.
In these reservoirs, a 4-5 day buildup has a short radius of investigation and is highly influenced by the wellbore heterogeneities such as hydraulic fracture or high permeability streaks of limited areal extent.
For the near wellbore scale, pressure transient analysis is normally an appropriate measurement tool (although IDC/RPI can be applied using daily or hourly telemetry data). However in the tight gas reservoirs encountered, the radius of investigation for a one millidarcy reservoir using a radial flow model, is approximately 500 feet in a 96 hour buildup. Identifying the correct semilog straight line can be difficult even with current type curve analysis techniques. This would explain some of the variability observed. For example, kh from well test for Well 6 varied from 4 to 68 md-ft and postfrac skin for Well 26 varied from -3 to +8.
Wellbore heterogeneities such as hydraulic fractures and high permeability hot streaks can influence the apparent permeability thickness measured. Russell & Truitt 11 recognised that the slope on a semi-log plot for hydraulically fractured wells was too low (thereby providing an optimistic value of kh) and thus used a correction factor based on the fracture half length to drainage radius ratio. For relatively large fracture lengths, the correction factor can be as low as 0.28 which could explain a substantial portion of the discrepancy between well test and the bulk permeability measured in IDC/RPI. High permeability layers or permeability streaks dominate the pressure buildup response (at least initially, although layer permeability and pressure contribute in the latter stages). To illustrate this approximately, a 2-layer system pressure buildup was generated in FAST TM for a reservoir composed of:
− 50 md layer of 2 feet thickness and 200 feet radial extent, and − 0.4 md layer of 60 feet thickness and 5000 feet radial extent. Figure 11 shows that within the 100-hour buildup time, an apparent straight line on the Horner radial plot provides an estimate of the total permeability-thickness. The beginning of an apparent second straight line, which does provide an estimate of the bulk permeability, occurs at approximately 14,000 hours. True pseudo-radial flow in the bulk volume is never reached on the derivative plot (~22,000 hrs).
A brief review of the well tests in the study area was undertaken. Early engineering efforts noted that the data quality in the area was poor. It would also appear that up to the mid 80's, the permeability was estimated from MDH or Horner plots. Type-curve/pressure derivative plots were not utilised to confirm that radial flow/boundary conditions were apparent. Therefore correct identification of the semilog straight line portion would have been difficult. Derivative analysis was typically used from 1989 onwards. A review of 12 tests during the 1993-1999 period showed that pseudo radial flow was not reached in 8 of the tests and questionable in the other 3 tests (the 12 th had phase redistribution problems rendering the test unanalysable)! This would indicate that bulk permeability was not a property that could be estimated with confidence from the buildup tests For megascopic scale permeability, the use of IDC/RPI analysis of long term production in a tight gas reservoir is more appropriate. In the case of a well which has produced 10 Bcf (from 70 feet of pay, 40 % pressure depleted, 10 % porosity, Eg=180, Sg=65%), the approximate minimum radius of investigation would range from 3100 feet for a radial case to 5100 feet for a channel belt system assumed to be 3000 feet wide. This is considerably more than the 500 feet radius attained with a 96 hour buildup that is prevalent in tight gas fields.
Based on the IDC/RPI analysis, Figure 12 shows that the megascopic permeability thickness product for the 19 producing pilot area wells is low -between 5 to 100 md-ft (average 17 md-ft excluding Well 50). Yet, recovery from these wells is reasonably high (10-25 Bcf/well), albeit over an extended time frame of 12-29 years. Well 5, which has a cumulative production of 24.9 Bcf, has a kh of approximately 9 md-ft.
Since the wells typically contain 50-100 ft of net pay (and 150-300 ft of gross pay), the low kh (5-10 md-ft) shows that the effective permeability from IDC/RPI analysis is generally low, primarily in the sub one millidarcy range. This information is not readily apparent from core or well test measurements, which indicate higher permeabilities. The kh from IDC/RPI is lower than well test analysis by a factor of 5.
Furthermore, the skins calculated (and corresponding frac half length) are also lower from well test when compared to those from IDC/RPI, which indicates poorer stimulation results. Another interesting result is the negative skin obtained from IDC/RPI analysis prior to hydraulic fracturing.
Given the larger radius of investigation from IDC/RPI analysis, the large negative skins observed on IDC/RPI can be explained in terms of high permeability streaks, which are limited in areal extent (hundreds of feet). In the case of four wells (Wells 1, 6, 27, 50), which had been unstimulated for some time, IDC/RPI analysis showed negative skins for all 4 wells! In contrast, well test analysis showed positive skins for three of the wells (13 of the 15 tests mentioned previously as being positive). This apparent discrepancy was resolved by reviewing the available core permeability measurements for study area (two of the four wells tested and four other untested wells), which showed the pervasive existence of high permeability streaks. These streaks act as pseudo fractures and show up as negative skin or an apparent wellbore enhancement relative to the megascopic permeability on the IDC/RPI plots. In another variation of this theme, Corbett et al 11 found that the channels act as pseudo-fracture channels ("PFC") which are termed "geo-skin". Well tests reported the high permeability streaks primarily as kh within the radius of investigation. It is believed that these high permeability streaks compensate for the low permeability and result in the reasonable recoveries achieved to date. Low kh, yet high recovery
Conclusions

